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Hardness  levels  of  shallow-buried  structures  for  vulnerabil- 
ity studies  are  primarily  obtained  from  calculations  using  an  undamped 
single-degree-of- freedom  (SDOF)  elastic-plastic  model.  Recent  and  past 
tests  on  buried  structures  have  shown  that  the  response  has,  in 
general,  been  overpredicted  by  both  the  SDOF  model  and  by  more  exact 
analyses.  In  fact,  no  fully  buried  concrete  structure  has  collapsed 
when  exposed  to  simulated  or  actual  nuclear  airblast  loading,  with  a 
number  of  structures  retaining  their  protective  capability  at  over- 
pressures higher  than  their  predicted  collapse  load.  - 

Accurately  predicting  the  response  of  a buried  structure  is 
complicated  by  the  fact  that  the  actual  loading  on  the  structure  is 
determined  in  a complex  manner  by  the  response  of  the  structure. 

Unlike  the  loads  normally  assumed  in  the  analysis  of  surface  struc- 
tures, which  are  essentially  unchanged  by  structural  deformations,  the 
loads  acting  on  a buried  structure  are  extremely  sensitive  to  rela- 
tively small  structural  deformations.  The  differences  in  experimental 
results  and  calculations  are  attributed  to  insufficient  knowledge  of 
the  load  distribution  acting  on  the  buried  structure  and  neglection  of 
the  influence  of  damping  that  results  from  structural  deformation, 
hysteresis  in  soils,  stress  wave  radiation  into  the  soil,  and  shear 
friction  at  the  soil-structure  interface. 

The  Weapons  Effects  Laboratory  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  has  recently  been  conducting  tests 
and  analyses  of  shallow-buried  structures  to  determine  the  influence  of 
soil  cover  on  the  load  transmitted  to  the  structure,  their  static  resis- 
tance and  ductility,  and  their  failure  modes  under  static  and  dynamic 
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loading.  Results  of  this  program  are  being  used  to  evaluate  and  modify 
the  SDOF  model  for  vulnerability  analysis. 

This  paper  summarizes  the  results  from  three  tests  conducted 
on  reinforced-concrete  box-type  structures  and  discusses  the  implica- 
tions of  these  test  results  on  current  vulnerability  calculations. 

Static  Test  Results.  The  objective  of  the  static  test  was  to 
experimentally  determine  the  load-deflection  behavior  of  the  buried 
structure  and  to  examine  the  soil-structure  interaction  phenomena  up  to 
the  point  of  structural  collapse.  The  test  was  conducted  in  the  Large 
Blast  Load  Generator  Facility  located  at  the  WES,  Vicksburg,  MS.  The 
structure  was  placed  in  the  facility  and  covered  with  sand  to  a depth 
of  1 foot.  A rubber  membrane  was  then  placed  over  the  surface  of  the 
sand,  and  water  was  pumped  in  to  slowly  apply  pressure  to  the  soil- 
structure  system  until  failure  occurred. 

The  test  structure  was  of  reinforced-concrete  slab  type  con- 
struction where  the  roof,  floor,  and  wall  slabs  had  span-to-depth 
ratios  of  10.  The  structure  was  8 feet  long  by  2 feet  high  by  2 feet 
wide  (inside  dimensions).  The  overall  wall  thickness,  including  0-5 
inches  of  concrete  cover  on  the  reinforcing  steel,  was  2.9  inches. 
Principal  reinforcing  was  1 percent  tension  and  1 percent  compression 
j-M  with  approximately  1.5  percent  shear  reinforcement. 

Figure  1 shows  the  load-deflection  curve  for  the  soil- 
structure  system.  The  static  water  pressure  is  plotted  on  the  vertical 
axis,  and  the  roof  deflection  at  the  center  of  the  structure  is  plotted 
on  the  horizontal  axis.  The  maximum  pressure  sustained  by  the  soil- 
structure  system  was  about  6Uo  psi.  However,  the  maximum  flexural 
capacity  for  the  two-way  roof  slab  assumed  rigidly  fixed  at  all  edges, 
is  a uniform  pressure  of  107  psi  (Reference  l). 

Pf  = 107  psi  (1) 

Soil  arching,  defined  as  the  ability  of  a soil  to  transfer 
loads  from  one  location  to  another  in  response  to  a relative  displace- 
ment between  locations,  is  primarily  responsible  for  the  increase  in 
capacity  from  107  psi  to  640  psi.  Embedded  structures  that  are  much 
stiffer  than  their  surrounding  medium  will  tend  to  attract  load.  On 
the  other  hand,  stresses  will  be  diverted  away  from  or  around  embedded 
structures  that  are  less  stiff  than  their  surrounding  medium.  The 
redistribution  of  load  is  called  "passive  arching"  when  the  structure 
is  loaded  above  the  free-field  stress  and  "active  arching"  when  the 
stresses  on  the  structure  are  less  than  the  free-field  stress.  An 
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excellent  discussion  of  the  soil  arching  phenomena  can  be  found  in 
Reference  2. 


Figure  1.  Resistance  curves  for  the  soil-structure  system. 

The  pressure  acting  on  the  roof  and  side  of  the  structure 
when  the  water  pressure  was  6U0  psi  is  shown  in  Figure  2.  This  inter- 
face pressure  distribution  was  approximated  by  fitting  a parabola 
through  data  taken  from  interface  pressure  gages  located  at  each  edge 
of  the  roof,  the  center  of  the  roof,  the  top  of  the  sidewall,  and  the 
center  of  the  sidewall.  Passive  arching  over  the  relatively  stiff 
walls  of  the  structure  has  acted  to  increase  the  pressure  to  over 
800  psi  (calculated  by  extrapolating  the  parabola).  However,  active 
arching  over  the  flexible  center  of  the  roof  has  decreased  the  pressure 
to  approximately  100  psi.  This  shift  of  pressure  away  from  the  center 
of  the  span  toward  the  supports  effectively  decreases  the  maximum 
bending  moment  in  the  structure,  and  can  significantly  increase  the 
resistance  of  the  structure  to  the  applied  overpressure. 

Inplane  forces  produced  by  lateral  earth  pressure  is  partly 
responsible  for  the  increased  structural  capacity.  From  Figure  2, 
the  thrust  in  the  roof  is  2800  lb/in.  The  moment-thrust  interaction 
diagram  shown  in  Figure  3 was  computed  using  a representative  cross 
section  of  the  roof  slab.  At  2800  lb/in.  of  thrust,  the  moment 
necessary  to  form  a hinge  is  approximately  5800  in. -lb/in.  Therefore, 
the  uniform  pressure  required  to  fail  the  roof,  i.e.,  to  form  hinges 
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Figure  2.  Interface  pressure 
distribution  at 
maximum  surface 
pressure. 


Figure  3.  Moment-thrust  interaction 
diagram. 


at  each  support  and  the  center  of  the  roof,  is  l60  psi.  Thus,  the 
flexural  capacity  of  the  roof  including  inplane  forces  is  l60  psi. 


In  order  to  compare  the  computed  capacity  to  the  maximum 
pressure  actually  sustained  by  the  roof,  an  "equivalent"  uniform  load 
will  be  computed  based  on  similar  moment  distributions.  From  Figure  2, 
the  fixed-end  moment  produced  by  the  parabolic  pressure  distribution  on 
the  roof  is  approximately  9600  in.-lb/in.  This  exceeds  the  moment 
capacity  of  58OO  in.-lb/in.  computed  from  the  moment-thrust  interaction 
diagram  in  Figure  3.  Therefore,  assume  hinges  have  been  formed  at  each 
side  of  the  roof  and  the  moment  at  each  hinge  is  5800  in.-lb/in.  The 
moment  at  the  center  of  the  roof  in  Figure  2 necessary  to  maintain 
equilibrium  under  these  conditions  is  7^00  in.-lb/in.  The  "equivalent" 
uniform  load  that  will  produce  moments  of  5800  in.-lb/in.  at  each  end 
and  7I4OO  in.-lb/in.  at  the  center  of  the  roof  is  183  psi.  Clearly,  the 
inplane  loading  did  act  to  increase  the  ultimate  capacity.  However, 
the  redistribution  of  the  pressure  on  the  roof  due  to  soil  arching  is 
primarily  responsible  for  increasing  capacity  from  the  107  psi  in 
Equation  1 to  the  measured  6U0-psi  peak  pressure. 

Most  "first-cut"  design  and  targeting  analysis  procedures  are 
based  on  an  undamped  SD0F  model  using  a bilinear  resistance  function. 
The  bilinear  resistance  for  the  soil-structure  system  as  approximated 
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from  the  experimental  load-deflection  data  is  shown  in  Figure  1. 

Elastic  Behavior  is  assumed  up  to  a deflection,  , and  fully  plastic 

behavior  is  then  assumed  until  failure  at  the  maximum  deflection,  Y 

m 

The  ductility  u is  defined  by  p = Ym/Ye  • From  Figure  1,  the 
ductility  is  about  9- 

A standard  calculation  for  the  ductility  involves  calculating 
the  elastic  deflection  and  assuming  a maximum  deflection.  The  elastic 
deflection  is  a function  of  the  slope  of  the  elastic  portion  of  the 
resistance  function,  i.e.,  its  stiffness,  and  the  ultimate  static 
capacity,  i.e.,  the  pressure  at  the  onset  of  plastic  deflection.  From 
Biggs  (Reference  3),  the  effective  stiffness  of  a fixed-fixed  beam  of 
unit  width  representing  the  roof  slab  is 

Ke  = 3°T~E~  = 2650  psi/in. 

L 

where  I is  the  average  moment  of  inertia  for  cracked  and  uncracked 
sections.  From  Equation  1,  the  flexural  capacity  of  the  roof  is  about 
107  psi.  Thus,  the  elastic  deflection,  Yg  = P^/K^  = 0.0U  in.  If  a 

failure  deflection  of  6 inches  is  assumed,  then  the  ductility  is  150. 
Clearly,  defining  a "failure  ductility"  can  be  very  difficult.  Unfor- 
tunately, most  vulnerability  analyses  currently  define  failure  in  terms 
of  ductility. 

In  Reference  4,  Cooper  suggests  defining  failure  in  terms  of 
specific  energy  absorbed  to  failure  and  shows  that,  if  e = constant 
is  taken  as  a measure  of  failure,  then  p and  T (or  p and  K)  are 
related  by 

2 

pT  = constant 


or 


p/K  = constant 

where  T is  the  natural  period  and  K is  the  stiffness.  Therefore, 
if  a given  ductility  is  defined  as  failure,  then  errors  in  T or  K 
can  lead  to  significant  errors  in  failure  estimates. 

Dynamic  Test  Results.  Two  high-explosive  (HE)  simulation 
tests  were  conducted.  The  first  experiment  used  21-pound  spheres  of 
TNT  buried  to  midstructure  depth  to  simulate  the  explosive  effect  of  a 
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5000-pound  general  purpose  bomb  penetrating  the  soil  overburden  and 
exploding  at  midstructure  depth.  The  second  experiment  employed  a 
foam  HEST  (high-explosive  simulation  technique)  test  to  simulate  the 
overpressure  from  a 1-kt  nuclear  device  at  the  2000-psi  overpressure 
range. 


Both  tests  employed  identical  model  structures  which  were 
twice  the  scale  of  the  model  used  in  the  static  test.  They  were 
reinforced-concrete  slab-type  models  with  roof,  floor,  and  wall  span- 
to-depth  ratios  of  10.  The  structures  were  16  feet  long  by  4 feet  high 
by  1*  feet  wide  (inside  dimensions).  The  overall  wall  thickness, 
including  0.8  inches  of  cover  on  the  reinforcing  steel,  was  5.6  inches. 
Principal  reinforcing  steel  was  1 percent  tension  and  1 percent  com- 
pression with  approximately  1.5  percent  shear  reinforcement.  These 
models  are  approximately  l/4-scale  models  of  a typical  hardened  shallow- 
buried  structure.  A more  complete  description  of  the  model  structure, 
including  construction  drawings,  is  given  in  Reference  5. 

21-Pound  HE  Test  Results.  The  model  structure  was  covered  to 
a depth  of  2 feet  for  the  test.  Three  21 -pound  spherical  TNT  charges 
were  used.  The  charges  were  buried  to  midstructure  depth  and  detonated 

at  8 feet , 6 feet , and  4 feet  from 
the  structure  wall.  A schematic 
drawing  of  the  test  configuration 
is  shown  in  Figure  4.  No  damage 
resulted  from  the  charge  at 
8 feet.  With  the  charge  at 
6 feet,  flexural  cracking  occurred 
but  no  measurable  permanent 
deflection  of  the  wall  could  be 
found.  The  test  at  4 feet  was 
conducted  on  the  opposite  side  of 
the  structure  on  the  undamaged 

wall.  Structural  damage  resulting  from  the  detonation  at  4 feet  is 
shown  in  Figure  5.  Posttest  measurements  indicated  approximately  10.5 
inches  of  permanent  deflection  at  the  center  of  the  wall.  There  were 
no  interface  pressure  records  obtained  in  this  experiment;  however,  the 
pressure  record  measured  at  the  soil-structure  interface  in  a test 
using  an  identical  HE  charge  in  the  same  soil  on  a structural  model 
with  13-inch-thick  walls  is  given  in  Figure  6 and  will  be  used  in  the 
SDOF  analysis. 

HEST  Test  Results.  The  foam  HEST  used  in  this  study  can 
accurately  simulate  the  overpressure  component  of  the  airblast  gener- 
ated by  a nuclear  detonation.  This  test  allows  a large  area  to  be 
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Figure  4.  Test  configuration  for 
21-pound  HE  test. 
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Figure  5.  Structural  damage  from  a 21-pound  TNT  subsurface 
detonation  at  h feet  from  the  wall. 
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Figure  6.  Soil-structure  interface  pressure  from  a 21-pound 

TNT  subsurface  detonation  at  U feet  from  a rigid  wall. 

exposed  to  a uniform  pressure  level  and  gives  pressure  durations  long 
enough  to  simulate  the  impulse  associated  with  a nuclear  event. 
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The  foam  HEST  configuration  used  for  this  test  is  shown  in 
Figure  7.  The  6-inch  charge  cavity  is  filled  with  Styrofoam  and  evenly 
distributed  strands  of  detonating  chord.  A char0  density  of  n-9lb 
pound  of  explosive  per  square  foot  was  used  to  produce  a peak  pressure 
of  approximately  2000  psi,  and  the  overburden  of  32  inches  of  uncom- 
pacted native  soil  was  designed  to  confine  the  blast  long  enough  to 
simulate  the  pressure  duration  associated  with  a 1-kt  nuclear  device. 


Figure  7-  Foam  HEST  test  configuration. 

The  airblast  measured  at  ground  level  beneath  the  charge 
cavity  is  shown  in  Figure  8. 
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Figure  8.  Foam  HEST  airblast. 

Interface  pressures  measured  on  the  structure  are  shown  in 
Figure  9-  Note  that  the  initial  peak  pressure  is  approximately  1200 
psi  at  each  edge  of  the  roof  (Gages  IF1  and  IF3)  and  at  the  center  of 
the  roof  (Gage  IF2).  However,  the  pressure  at  the  flexible  center  of 
the  roof  is  quickly  reduced  to  zero  and  remains  at  zero  for  the  dura- 
tion of  the  airblast  load.  This  indicates  that  the  soil  arching 
phenomena  so  important  in  the  static  test  can  be  equally  important  in 
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the  case  of  dynamic  loading.  Structural  damage  from  the  HEST  event  was 
a 0.5-inch  permanent  deflection  at  the  center  of  the  roof  with  exten- 
sive tensile  cracking  of  the  concrete  in  the  roof.  Damage  to  the  floor 
of  the  structure  was  very  similar  to  the  roof. 
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Figure  9.  Foam  HEST  interface  pressure  records. 

Analysis  and  Discussion  oi  Results.  It  is  assumed  that  the 
reader  is  familiar  with  the  dynamic  analysis  of  structures  using  a SDOF 
model.  The  essential  elements  of  the  SDOF  model  are  an  equivalent  mass 
and  resistance  and  a damper.  Methods  for  calculating  these  parameters 
are  given  in  References  1 and  3.  The  resistance  may  he  either  a linear 
or  nonlinear  spring  and  is  normally  approximated  as  a bilinear  repre- 
sentation of  the  static  resistance  for  the  structure  or  structural 
element  being  analyzed. 


21-Pound  HE  Test  Analysis.  The  resistance  function  shown  in 
Figure  10  was  approximated  from  the  static  test  results  shown  in 

Figure  1.  The  elastic  deflec- 
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A DEFLECTION,  IN. 

Figure  10.  Resistance  function  for 


tion  in  Figure  1 was  taken  as 
0.85  inch  and  doubled  because 
the  static  test  structure  was  a 
l/2-scale  model  of  the  structure 
used  in  the  21- pound  HE  test. 

The  ultimate  capacity  of  the 
structure  as  computed  using  the 
procedures  in  Reference  9 is  128 
psi.  The  128-psi  resistance 
includes  some  inplane  loading 
but  ignores  soil  arching  and  was 


21-pound  HE  test  analysis,  used  for  the  SDOF  analysis 
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shown  in  Figure  11. 
The  percent  numbers 
shown  are  the  percent 
of  critical  damping 
in  the  SDOF  model. 
Critical  damping  is 
defined  as  the  mini- 
mum amount  of  damping 
for  which  no  oscil- 
lations will  occur 
under  free  vibration. 
The  dynamic  loading 
used  for  this  anal- 
ysis is  shown  in 
Figure  6.  Discussion 
of  the  results  in 
Figure  11  will  be 
combined  with  the 
discussion  of  the 
foam  HEST  test 
analysis  below. 

Foam  HEST  Test  Analysis.  Since  the  surface  loading  from  the 
foam  HEST  is  a uniform  load  similar  to  the  static  load,  it  is  assumed 
that  the  soil-structure  interaction  phenomena  will  be  similar.  This 
assumption  will  allow  the  use  of  the  resistance  function  developed  in 
the  static  test  and  shown  as  a dotted  line  in  Figure  1 to  be  used  for 
the  SDOF  analysis.  Note  that  the  displacement  scale  must  be  doubled 
because  the  static  test  structure  was  a 1/2- scale  model  of  the  HEST 
test  structure.  The  loading  function  for  this  analysis  is  the  surface 
airblast  loading  shown  in  Figure  8.  Results  of  the  SDOF  analysis  are 
given  in  Figure  12.  The  elastic-plastic  calculation  with  no  damping  is 
not  included  in  Figure  12  because  it  gave  a 6-inch  maximum  deflection 
and  could  not  conveniently  be  included  on  the  same  graph. 

Discussion  of  Results.  The  results  presented  in  Figures  11 
and  12  both  indicate  the  current  vulnerability  model,  the  undamped  SDOF 
model,  significantly  overpredicts  the  structural  response  from  both 
conventional  and  nuclear  type  blast  loadings.  Recent  experimental 
results  (Reference  6)  and  calculational  results  (References  7 and  8) 
have  indicated  that  20  to  25  percent  of  critical  damping  is  appropriate 
for  this  structure  in  the  buried  configuration.  The  results  in 
Figures  11  and  12  indicate  that  the  20  percent  damped  SDOF  model  can 
accurately  predict  the  structural  response.  It  is  important  to  realize 
that  soil  arching  and  inplane  loading  were  accounted  for  in  the  foam 


Figure  11.  SDOF  analysis  results  for 
21-pound  test. 
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SDOF  analysis  results 
for  foam  HEST  test. 


HEST  analysis  by  using  the 
static  resistance  function  in 
Figure  1 for  the  soil-structure 
system. 

Figure  13  quantitatively 
compares  the  results  from  the 
experiments  discussed  in  this 
report  to  calculations  based  on 
the  most  current  vulnerability 
manual  available  (Reference  9)- 

The  results  presented  in 
Figure  13  are  based  on  calcu- 
lations for  a full-scale  struc- 
ture with  inside  dimensions 
16  feet  by  16  feet  by  6k  feet 
with  walls,  roof,  and  floor  23 
inches  thick  (19-2  inches 
effective  depth).  The  compres- 
sive strength  of  the  concrete 
was  5200  psi,  the  yield  strength 
of  the  reinforcement  steel  was 
72,000  psi,  and  tension  and 
compression  reinforcement  were 
each  1 percent.  The  structure 
was  buried  8 feet  deep.  For  all 
failure  was  taken  to  be  ko  inches 


calculations  represented  in  Figure  13, 
of  roof  deflection  (k  times  the  deflection  measured  in  the  21-pound  HE 
test ) . 


The  high  shear  strength  soil  curve  in  Figure  13  was  obtained 
from  a 20  percent  damped  SDOF  model  assuming  the  same  soil  arching  and 
inplane  loading  as  would  be  expected  in  a static  loading,  i.e. , using 
the  resistance  function  in  Figure  1 with  the  displacement  scaled  by  U. 
The  zero  shear  strength  curve  represents  a model  with  no  soil  arching 
protection  provided,  ultimate  capacity  as  computed  from  Reference  9 at 
128  psi,  damping  at  20  percent  of  critical,  and  elastic  deflection 
4 x 1.7  inches  from  Figure  10. 

The  curve  labeled  current  vulnerability  calculations  in 
Figure  13  is  based  on  the  SDOF  model  recommended  in  Reference  9 with 
maximum  resistance  equal  128  psi.  This  model  includes  modifying  the 
period  to  account  for  soil  cover,  and  applying  inplane  forces  to 
account  for  lateral  earth  pressure.  Calculation  for  the  roof  load 
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includes  attenuation  of  the  overpressure  with  depth;  however, 
Reference  9 includes  no  damping  and,  for  shallow  depths  of  burial,  no 
soil  arching. 


Figure  13.  Current  vulnerability  calculations  compared  to 

calculations  using  a damped  SDOF  model  including 
soil-structure  interaction. 

As  an  example  use  for  the  curves  in  Figure  13,  consider  the 
HEST  test  results  described  above.  The  HEST  test  structure  is  a l/H- 
scale  model  of  the  structure  calculated  in  Figure  13.  Using  cube  root 
scaling  (charge  weight  scales  like  the  cube  of  length),  the  1-kt  weapon 
simulated  in  the  HEST  test  scales  to  a 6U-kt  weapon  in  Figure  13.  The 
current  vulnerability  calculations  curve  indicates  failure  ( Uo  inches 
of  roof  deflection)  will  occur  at  350  psi.  The  20  percent  damped  SDOF 
model  with  no  soil  arching  indicates  failure  at  about  900  psi.  The 
experimental  results  from  the  HEST  test  at  2000  psi  produced  2 inches 
of  roof  deflection  (0.5  inch  times  the  scale  factor  of  k) , and  the 
20  percent  damped  SDOF  model  including  maximum  soil  arching  indicates 
failure  at  the  8500-psi  overpressure  range  from  a 6U-kt  weapon.  Based 
on  HEST  test  results,  no  damage  would  be  expected  at  an  overpressure 
of  350  psi  and  yet  the  best  available  vulnerability  analysis  manual 
predicts  complete  structural  collapse  at  350  psi!  Clearly  the  vulner- 
ability analysis  model  used  for  shallow-buried  structures  needs  some 
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modification.  Results  from  the  test  described  in  this  report  suggest 
that  a damped  SDOF  model  can  adequately  predict  the  response  of 
shallow-buried  structures  to  blast  loads  provided  the  soil-structure 
interaction  is  accounted  for  when  computing  the  loads  on  the  buried 
structure. 

Conclusions 


1.  During  the  static  test,  inplane  forces  in  the  roof  slab  produced 
by  lateral  soil  pressure  increased  the  ultimate  capacity  of  the  struc- 
ture from  107  psi  to  approximately  180  psi. 

2.  The  redistribution  of  pressure  acting  on  the  roof  of  the  structure 
caused  by  soil  arching  in  the  static  test  effectively  increased  the 
capacity  of  the  soil-structure  system  to  640  psi. 

3.  The  ductility  of  the  structure  as  calculated  from  the  load- 
deflection  curve  from  the  static  test  was  approximately  9«  However, 
the  ductility  is  approximately  150  when  calculated  using  the  measured 
6-inch  maximum  roof  deflection  from  the  static  test  and  computing  the 
elastic  deflection  from  standard  design  text.  Ductility  is  not  a good 
parameter  to  use  to  define  failure  when  large  plastic  deformations  are 
involved. 

it.  Soil  arching  can  be  ignored  when  computing  structural  loads  from 
the  localized  HE  burst  associated  with  conventional  weapons.  However, 
soil  arching  can  significantly  reduce  the  loads  on  a buried  structure 
when  the  loading  is  produced  by  plane  waves  such  as  those  associated 
with  nuclear  airblast . As  indicated  in  Figure  13,  the  increased 
capacity  due  to  soil  arching  may  be  as  much  as  a factor  of  10. 

5.  The  SDOF  model  for  calculating  the  dynamic  response  of  shallow- 
buried  structures  should  be  damped  at  approximately  20  percent  of 
critical.  Then,  if  soil  arching  and  inplane  forces  due  to  lateral 
earth  pressure  are  adequately  accounted  for  in  computing  the  loads  on 
the  structure,  the  damped  SDOF  model  can  accurately  predict  the  struc- 
tural response  from  blast  loads. 
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